Poly[bis(trifluoroethoxy)phosphazene] (PBFP) can be prepared via thermal ring-opening polymerization (ROP) of hexachlorotriphosphazene ((PNCl 2 ) 3 ) or ambient temperature cationic living polymerization (ALP) of monomeric Cl 3 P=NSiMe 3 , followed by introduction of OCH 2 CF 3 groups via standard salt metathesis protocols. The resultant polymer morphology is dependent upon synthetic methodology, processing method (e.g. solvent casting, heat cycling, etc.) and the presence of inorganic nanoparticles, which were found to inhibit crystallization. 1 H, 19 F and 31 P solid-state NMR spectroscopy was employed to investigate crystallization in solvent cast and heat-treated samples of pure PBFP and composites of nano-crystalline TiO 2 doped PBFP.
Introduction
Polyphosphazenes are inorganic polymers that contain a repeating phosphorous-nitrogen backbone whereby the phosphorus atoms are each substituted with two additional functional groups. Phosphazene polymers have proven to be of great commercial and academic interest over the past three decades, [1] [2] [3] during which period more than 700 derivatives have been prepared. Many of these compounds demonstrate high thermal stability, low glass transition temperatures and fire or water resistance, thus rendering them potentially applicable to energy related research, biomedical polymers, photonic materials, fire-resistant composite materials and foams. [1] The most widely used method for preparing such polyphosphazenes is via salt metathesis substitution of high molecular weight poly(dichlorophosphazene) (PDCP) which can be obtained by ring-opening polymerization (ROP) of hexachlorotriphosphazene ((PNCl 2 ) 3 ) at 250 °C, as originally reported by Allcock and coworkers, [4, 5] in 1965. Alternatively, Allcock also pioneered a route to PDCP that utilizes an ambient temperature cationic living polymerization of the phosphoranimine Cl 3 P=NSiMe 3 in the presence of catalytic PCl 5 . [6] The morphological transformations of PBFP have been studied in detail revealing a well defined low glass transition temperature, Tg (-82 °C to -66 °C), followed by a first order transition, T 1 , to a liquid crystalline state, T 1 (90 °C), and ultimately a melting transition, T m (240 °C) to an isotropic state. [7] The semicrystalline polymer undergoes a variety of phase transitions when heating exceeds T 1 , between its amorphous, and α-, β-and γ-crystalline phases, which reflect changes in chain conformation, packing and dynamics. [8] [9] [10] [11] [12] Sample preparation conditions are known to affect domain structure, degree of cross-linking, and a variety of other physical properties of interest. [11, 12] However, the effect that nanocrystalline (nc) filler has on these transitions is not well understood.
Solid-state Nuclear Magnetic Resonance (SSNMR) spectroscopy is an extremely powerful and robust technique for providing information on molecular structure and dynamics of polymers at the atomic level [13] [14] [15] that are often inaccessible by other spectroscopic methods routinely employed for polymer characterization. While SSNMR spectroscopy is commonly used to study organic polymers, very few inorganic polymers have been investigated by this method. [16] [17] [18] [19] [20] [21] [22] The paucity of such work in the literature is largely due to the fact that hardware and experimental methods have been historically tailored to 1 H and 13 C nuclei. Recent developments in pulse sequences and probe design have made it possible to overcome such limitations. Herein, we report solution cast (sc) composites of PBFP and nc-TiO 2 that were subjected to various thermal treatments. The corresponding morphological changes were studied in detail using 1 H, 19 F and 31 P SSNMR spectroscopy.
Experimental Section
Preparation of Poly[bis(trifluoroethoxy)phosphazene] by ROP. Between 1 and 5 g of (PNCl 2 ) 3 was recrystallized from heptane, sublimed under an argon atmosphere and then transferred to a Pyrex polymerization tube. The tube was then evacuated for a minimum of 30 min, flame sealed and placed into an over that was preheated to 250 °C. The polymerization tube was constantly agitated throughout the process by placement within a receptacle kept in continuous motion via attachment to a variable speed electrical motor. The polymerization tube was removed from the over when the contents became extremely viscous. A sodium trifluoroethoxide solution (2 equivalents) was prepared by adding fresh sodium to a two-neck round bottom flask charged with dry 1,4-dioxande and 2,2,2-trifluoroethanol. This solution was then added dropwise to a THF solution of PDCP. The product was repeatedly washed with distilled water, precipitated from hexanes and then dried under vacuum. For a detailed account of the preparation see reference 22 .
Preparation of Poly[bis(trifluoroethoxy)phosphazene] by Ambient Temperature Cationic Living Polymerization. LiN(SiMe 3 ) 2 (1.23 g, 7.36 mmol) was loaded into a round bottom flask which was then evacuated for 30 min. Dry Et 2 O was transferred into the flask under reduced pressure, resulting in a pale-yellow suspension. PCl 3 (1.00 g, 7.36 mmol) was added dropwise to the cold (0 °C) suspension. The mixture was warmed to ambient temperature and stirred for 1 h. The reaction mixture was then cooled to 0 °C and excess SO 2 Cl 2 slowly added. After 1 h at 0 °C, followed by 45 min at ambient temperature, the reaction mixture was filtered and distilled to eliminate residual Cl 3 P=NSiMe 3 . The residue was loaded into a Pyrex polymerization tube with a trace quantity of PCl 5 (~0.005 g). The tube was then placed under dynamic vacuum for 24 h. The resulting material was dissolved in dry dichloromethane and added to two equivalents of a 1,4dioxane solution of sodium trifluoroethoxide. The mixture was allowed to stir for 16 h and then repeatedly washed with distilled water, precipitated from hexanes and dried under vacuum.
Polymer Sample Preparation. PBFP prepared by ROP was dissolved in dry THF and cast (SC) onto a glass plate. The solvent was allowed to evaporate under ambient conditions in a fumehood. The heat-treated (HT) material was subjected to 1 heating cycle, during which the sample was kept at 100 °C for one hour, and subsequently cooled to 22 °C. Nanocomposites films (NC) of PBFP were prepared at 5%, 10% and 25% weight of TiO 2 , where nc-TiO 2 (~20 nm) was suspended in a PBFP solution in THF, and cast onto glass plates.
Solid-state NMR Spectroscopy. All NMR spectra were obtained using a Varian INOVA 500 spectrometer operating at 499.84 MHz, 470.332 MHz and 202.34 MHz for 1 H, 19 F and 31 P,respectively, equipped with a four-channel HFXY MAS NMR probe with a 2.5 mm outer rotor diameter. All experiments were carried out at a MAS rate of 25 kHz. The 19 F NMR spectra were referenced to external CFCl 3 by setting this signal to 0 ppm. 1 H and 31 P spectra were referenced externally to TMS by setting its signal to 0 ppm. Pulse lengths for 1 H, 19 F, and 31 P direct polarization (DP) experiments were set to 3.5, 3.25, 4.25 and 4 µs, respectively, with relaxation delays of 5, 5, 10, and 5 s, respectively.
Results and Discussion
1 H DP Solid-State MAS NMR of PBFP 1 H MAS NMR spectra of solvent cast (SC) and heat treated (HT) PBFP, and 5% PBFP/TiO 2 nanocomposites (NC) were obtained at a MAS of 25 KHz and are shown in Figure 1 . Differences in the 1 H NMR spectra are quite distinct in terms of the number and linewidth of the components. A quantitative description was made possible by deconvolution analysis, providing information such as: chemical shift, width, area, and line shape for each component. These in turn were assigned to the phases present in the SC, HT, ALP and NC preparations. The deconvolution results are presented in Table 1 . The NMR signals from mobile disordered regions tend to give rise to narrow Lorentzian features, while signals from rigid environments with restricted motion result in broad Gaussian lines that are characteristic of crystalline phases. Peaks 2, 3 and 4 in the SC and HT spectra are narrow Lorentzian signals whose peak areas decrease with heat treatment and therefore correspond to amorphous 1 H environments of PBFP. Peak 1 and peak 5 are broad and increase in area with heat treatment, and thus correspond to crystalline 1 H environments.
The ALP PBFP spectrum contains four Lorentzian signals (6 to 9) with line widths falling in the range of 40-170 Hz. These signals are thus are assumed to correspond to mobile 1 H environments. Peak 10 is Gaussian in shape and 1870 Hz wide. The total relative area of this crystalline signal is 11.75%, which is much reduced compared to SC PBFP, indicating that ALP polymerization conditions greatly favour amorphous phase compositions.
The NC 5% spectrum contains a broad Gaussian line (Peak 13) 2058 Hz wide, comprising 31.1% of the total area. The narrow Lorentzian contributions, Peaks 11, 12 and 14, have widths of 229, 117 and 103 Hz, respectively. The crystallinity is decreased significantly compared with SC, suggesting that the crystallization process is dramatically affected by the presence of nc-TiO 2 . Figure 2 and the deconvolution results are presented in Table 2 . The narrow intense contributions are attributed to amorphous phase components, while the broader features are tentatively assigned to crystalline environments. Peak 1 has a width of 514 Hz in SC and 697 Hz in HT PBFP samples, thereby verifying their assignment to the crystalline component. The remaining peaks, 2 and 3, being narrow and Lorentzian, correspond to amorphous components. These peaks make up 89.5% and 69.6% of the total signal in the SC and HT materials, respectively, thus indicating increased crystallinity with heat treatment. 19 F spectra of the ALP PBFP material was deconvolved into four narrow Lorentzian contributions, indicating that no signal is observed from crystalline components. This observation is consistent with the conclusion from 1 H spectra that ALP polymerization favors the production of amorphous material. The spectrum of the NC 5% contains amorphous components, peaks 2 and 3, exhibiting Lorentzian line shapes and whose combined area comprise 83.1% of the total area. This proportion is significantly reduced compared to the SC material. This finding is also consistent with the observation in the 1 H NMR spectra that crystallinity is reduced in the presence of nc-TiO 2 . P MAS NMR spectra of SC, HT, ALP, 5% NC, and heat treated 5% NC are shown in Figure 3 . All of the spectra have poor resolution in comparison to 1 H and 19 F, due to the high degree of heterogeneity in the backbone environment and residual quadrupolar coupling to 14 N. As a result, all spectra reveal 4 components: one broad Gaussian peak at 3.6 ppm and a set of three closely spaced narrow Lorentzian peaks near 8 ppm. The deconvolution results are provided in Table 4 . The crystallinity is seen to increase from 45% to 65% in the SC and HT samples and is much reduced in the ALP material.
In the NC 5% material the broadest signal indicated a crystalline composition of 29.2%, which is markedly less than the 45% observed in the SC sample and is consistent with the findings in the 1 H and 19 F spectra. Such information consistently suggests that the presence of the filler suppressed crystal growth in cast samples. Upon heat treatment the crystallinity in the 5% NC sample increased from 29.2% to 35.6%, which is far less than that observed (65%) in the HT sample. Clearly, that nc-TiO 2 also suppresses crystal growth during heat treatment. 
Summary
In conclusion, the multinuclear SSNMR data presented above for PBFP samples that were solvent cast, heat treated, and modified with nano fillers served to unambiguously demonstrate that preparation methodology and polymer treatment afford substantially different polymer phases, and hence, distinct polymer molecular morphology. Heat treatment facilitates the transformation from amorphous to crystalline. Ambient temperature polymerization yields polyphosphazene with a greater proportion of amorphous constitution compared to a thermal ring-opening approach. Addition of nc-TiO 2 particles decreases the percentage of crystalline components compared to the virgin polymer in both cast and heat treated preparations, indicating that the presence of nc-TiO 2 suppresses crystal growth. 
